Abstract-Underwater Wireless Power Transfer (WPT) has attracted much attention in recent years. In an underwater WPT system, the eddy current loss tends to be non-negligible as the frequency and current increase. Thus, it is crucial to analyze the eddy current loss in an underwater WPT system. The analytical model of the eddy current loss of a coreless WPT system in seawater is established with Maxwell's equations. The expressions of the electric field intensity and the eddy current loss are derived and the eddy current loss is analyzed in different circumstances. An underwater WPT prototype is set up and the experimental results verify the theoretical analysis.
I. INTRODUCTION
Wireless Power Transfer (WPT) technology overcomes a variety of restrictions of traditional power delivery for its nonphysical connection between the source and the load [1, 2] , which is suitable for battery charging of underwater electrical equipment [3] [4] [5] [6] [7] . Shi et al. [8] evaluated the characteristics of copper loss, core loss, semiconductor loss and eddy current loss using the circuit analysis model and the circuit-integrated FEA model. They also investigated the power transmission performance both in air and seawater to verify the modeling and analysis. Cheng et al. [9] proposed an underwater WPT system based on semi-closed core structure. Power loss was studied comparatively in air, freshwater and seawater. Itoh et al. [10] designed a WPT system for the swimming robot fish, which showed the eddy current loss had a sharp rise due to the increasing frequency. Most of the above literatures focused on studying the parameters of underwater WPT systems, through which the transmission efficiency was improved. However, the theoretical calculation of the eddy current power loss in seawater was not studied. In this paper, the calculation model based on Maxwell's equations to calculate the eddy current loss in the seawater is proposed. Finite element analysis is applied to verify the proposed calculation model. An underwater WPT prototype is set up to validate the analysis.
II. EDDY CURRENT LOSS IN SEAWATER
In the application of a WPT system in the air, the power losses mainly lie in the core loss of the ferrite and the copper loss of the coils. However, when it comes to the application in the seawater environment, the eddy current loss generated in the seawater must be taken into account, which will also affect the transmission efficiency of the WPT system. To calculate the eddy current loss in the seawater, the electric field intensity should be calculated firstly. In the underwater WPT systems, the eddy current loss should be all dimensional. However, the transmitter is in the base station and the receiver is in the vehicle, such as an autonomous underwater vehicle (AUV). The vicinity below the transmitter and above the receiver is indeed full of air. In the space relatively far away, the electric field will decrease tremendously. Thus, the eddy current loss in the space far away is very small. Therefore, most of the eddy current loss exists in the space between the transmitter and the receiver in the practical applications. This paper only considers the eddy current loss in the seawater between the transmitter and the receiver.
A. Electric Field Intensity
Zhou et al. proposed a single-turn model of a circular coil with a ferrite core to calculate the eddy current loss of the underwater WPT system. However, the ferrite is assumed to be infinite, which is not precise. This paper proposes a spiral planar coil without ferrite to theoretically calculate the eddy current loss in the seawater, which is more accurate. A singleturn transmitter coil is firstly studied in the cylindrical coordinate. Fig. 1 shows the simplified model of the electric field. The entire space is full of seawater. It is assumed that the coil is on the imaginary inner boundary surface: z = 0, which means the boundary conditions on both sides of the surface are known. Then the study area is divided into two regions by the inner boundary surface to calculate the electromagnetic field. Thus there are no external excitation currents in the study area, which merely distribute on the inner boundary surface. The surface current density on an arbitrary point Q(ρ,φ,0) of the inner boundary surface is
where ρ denotes the radius, a represents the radius of the coil, and e φ is the circumferential unit vector.
Assume that the medium is linear, homogeneous and isotropic, and then the electromagnetic field is expressed based on Maxwell's equations. For convenience, the dot on the complex vector is omitted.
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where H and B denote the magnetic field intensity and the magnetic flux density, respectively. E and J are the electric field intensity and the conduction current density, respectively. D is the electric displacement vector. Eliminating H gives the following constraint equation
Due to the cylindrical symmetry, the electric field intensity E i merely has the circumferential component, namely E i = E iφ e φ . In the cylindrical coordinate system, 2 2 2 2 2 2
where E i denotes the electric field intensity in each area, and the space wave number is defined as
ZP V ZH , wherein, μ, σ, and ε denote the permeability, the electrical conductivity, and the permittivity of the medium, respectively. The boundary conditions and the infinity conditions are 2 1 
where μ r is the relative permeability and μ 0 is the permeability of the vacuum. Based on the separation of variables [11] , the general solution of (12) can be expressed as (14), C 1i and C 2i can be determined. Then the electric field intensity caused by the ii-turn can be obtained.
Assume that the turn numbers of the transmitter and the receiver are the same, namely N 1 = N 2 = N. The electric field intensity of an arbitrary point (ρ, z) in the study area E 2t , which is caused by the N-turn transmitter coil, is obtained based on the principle of superposition. 2 
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The same procedure can be easily adopted to obtain the electric field intensity caused by the receiver current, which can be expressed as 
where d is the gap between the transmitter and the receiver. E 2r is the electric field intensity of an arbitrary point (ρ, z) in the study area, which is caused by N-turn receiver coil.
B. Unilateral Eddy Current Loss
The permeability of the air and the seawater are almost the same while there is a significant difference in the electrical conductivity. The alternating electromagnetic field, generated by the high-frequency alternating currents in the coils, will eventually give rise to the eddy current loss. The eddy current loss caused by the transmitter is calculated as (19), shown at the bottom of this page. V is the study domain. h_sea and r_sea denote the seawater height and the seawater radius, respectively. 
C. Bilateral Eddy Current Loss
In an underwater WPT system, the electric field E 2 is the vector sum of the electric field E 2t and E 2r in the direction of e φ , caused by the transmitter current I 1 and the receiver current I 2 , respectively. I 1 equals I 2 in the system. There is a phase difference θ between the transmitter current I 1 and the receiver current I 2 , which is approximately the same as the phase difference of E 2t and E 2r [12] . Thus, the eddy current loss, which can be calculated as (20) shown at the top of this page, is generated by the synthesized electric field intensity E 2 .
III. CALCULATIONS, SIMULATIONS, AND EXPERIMENTS
In order to verify the aforementioned theoretical analysis, an underwater experimental prototype is implemented, as shown in Fig. 2 . The system specifications and the circuit parameter values are tabulated in Table I . Planar spiral coils are adopted as the transmitter and the receiver with a turn number of 16, which are composed of tightly wound AWG 38 Litz wires with a 3.9 mm diameter. The inverter input voltage and current, the battery voltage and current, the DC-DC efficiency, the input power, and the output power are all measured by YOKOGAWA Power Analyzer WT1800. The seawater is placed in a bucket, of which the diameter is larger than the coil diameter. The gap between the transmitter and the bottom surface of the seawater is 7 mm and the gap between the receiver and the top surface of the seawater is 14 mm. The resonant frequency ranges from 60 kHz to 600 kHz by changing the matching the capacitances. The eddy current loss caused by the transmitter current in the seawater is firstly studied. The experiments are carried out. The corresponding simulations in Comsol Multiphysics are also conducted as displayed in Fig. 3(a) . A two-dimensional axisymmetric simulation model is adopted due to the circular dimension of the transmitter and the receiver. The transmitter currents are kept the same under the cases with and without the seawater. Therefore, the eddy current loss in the seawater will be the difference of the total losses of the two cases, namely, P eddy1 = P loss_seawater -P loss_air . When the transmitter current is 5 A and the resonant frequency is 504.5 kHz, the calculated, simulated, and experimental eddy current losses with different seawater heights are shown in Fig. 4 . The experimental and the simulated results agree well with the calculations. Furthermore, the eddy current loss has a moderate ascent with an increasing seawater height. The eddy current loss is 10.3 W when the seawater height is 66 mm. Then, the eddy current loss generated by the transmitter and receiver currents is investigated with a seawater height of 44 mm. Simultaneously, the gap between the transmitter and the receiver is fixed at 66 mm, which is large enough for the underwater equipment. The experiments are carried out and the corresponding simulations in Comsol Multiphysics are established as displayed in Fig. 3(b) . Fig. 5 shows the magnitude of the electric field of the study domain caused by the transmitter and the receiver currents. The arrow points to the electric field distribution on the intermediate cross-section of the seawater region, which is parallel to the transmitter and the receiver. It is shown that the electric field only has the circumferential component and is much stronger in the vicinity of the coils. The transmitter current and the receiver current, which are identical, are kept the same under the cases with and without the seawater. Therefore, the eddy current loss will be also indirectly measured by the difference of the total losses of the two cases, namely, P eddy = P loss_seawater -P loss_air . Fig. 6 shows the calculated, simulated, and experimental results caused by the combined effect of the transmitter and the receiver varying with the resonant frequency when I 1 = I 2 = 2 A and I 1 = I 2 = 5A. It indicates that the eddy current loss rises as the resonant frequency or the transmitter current increases. When the resonant frequency is higher than 100 kHz, the eddy current loss increases sharply with the increasing resonant frequency. The experimental results well match the simulated and calculated results.
IV. CONCLUSION
In this paper, the eddy current loss of a coreless underwater WPT system has been modeled and analyzed. The expressions of the electric field intensity and the eddy current loss have been derived. The eddy current loss has been analyzed for different gaps, frequencies, and transmitter currents. It is found that the eddy current loss in the seawater has a sharp increase with the increasing resonant frequency. An underwater WPT prototype has been built and the experimental results have verified the theoretical analysis.
